A thorough consideration of the relation between the lattice parameters of 185 binary and ternary spinel compounds, on one side, and ionic radii and electronegativities of the constituting ions, on the other side, allowed for establishing a simple empirical model and finding its linear equation, which links together the above-mentioned quantities. The derived equation gives good agreement between the experimental and modeled values of the lattice parameters in the considered group of spinels, with an average relative error of about 1 % only. The proposed model was improved further by separate consideration of several groups of spinels, depending on the nature of the anion (oxygen, sulfur, selenium/tellurium, nitrogen). The developed approach can be efficiently used for prediction of lattice constants for new isostructural materials. In particular, the lattice constants of new potential spinels ZnRE 2 O 4 , CdRE 2 S4, CdRE 2 Se 4 (RE=rare earth elements) are predicted in the present paper. In addition, the upper and lower limits for the variation of the ionic radii, electronegativities and certain their combinations were established, which can be considered as stability criteria for the spinel compounds. The findings of the present paper offer a systematic overview of the structural properties of spinels and can serve as helpful guides for synthesis of new spinel compounds.
Introduction
Crystal structure of any crystalline material can be described in a unique way by giving the values of the unit cell parameters (lattice constants -LCsalong each of the crystallographic axes and angles between these axes), atomic positions expressed in units of the LCs and site occupancies by specific atoms entering chemical formula of a considered compound. If the symmetry properties for each atomic position are known, the whole crystal lattice can be built up by repeating the unit cell in three directions with a proper application of the corresponding symmetry operations.
There are well-known methodics of experimental determination of the crystal structure from a thorough analysis of the X-ray and neutron diffraction patterns. From the theoretical point of view, it is also possible nowadays to get the structural properties of any crystal using the widely spread reliable ab initio methods of calculations. The rapid development and improvement of both experimental facilities and computational techniques allowed for getting trustworthy information on crystal structure of a large number of materials, which has been collected into various commercial and freely available databases. Comparing the accuracy of the experimental and theoretical methods of determination of crystal structure, it is worthwhile to note that the structural discrepancy between the theoretically calculated and experimentally deduced parameters for the same crystal typically does not exceed a few percent on average and very often is even less then 1 %.
At the same time, the two above-mentioned methodics of determination of the crystal lattice structureno matter how precise they can be in every particular casegive no opportunity to make a quick and reliable estimation and/or prediction of the structural parameters for even isostructural compounds, since all measurements and/or calculations are essentially made ad hoc and should be repeated again for any new crystal. It is also noteworthy that both methods require sophisticated equipment and/or computational skills; in addition to that, they are expensive and time consuming.
In this connection, a simple empirical model, which encompasses a large group of isostructural materials and links together the lattice structure parameters with various characteristics of their constituting elements (e.g. ionic radii, oxidation state, electronegativity etc) can be useful for researchers working in the experimental materials science and chemistry. The usefulness of such models originates from their simplicity and ability to make quickly reliable prediction and/or estimation of the LCs for those materials, which have not been experimentally found yet. One of possible applications of such models can be related to a choice of proper substrateswith suitable structural propertiesfor the thin films growth.
It is a long-time-ago established fact that the ionic radii are one of the most important parameters, responsible for the interionic separations and, as a consequence, LCs of crystals. Two other key-parameters are the electronegativity and oxidation state [ 1 ] , which can greatly affect the chemical bond properties and, finally, the interionic separation. It should be kept in mind that these parameters are the empirical quantities, which may be defined in different ways and, depending on definitions and/or degree of experimental precision, they can be given somewhat different values.
Speaking about electronegativity, we mention here that there exist several different electronegativity scales, e.g. Martynov-Batsanov scale [ 2 ] , Phillips scale [ 3 ] , Jaffe scale [ 4 ] , Allen scale [ 5 ] etc. Throughout this paper, the use is made of the Pauling electronegativity scale [ 6 ] and the Shannon's ionic radii [ 7 ] for all considered ions.
A thorough statistical analysis of a large number of crystals of a given structure can help in finding a functional relation between these or any other parameters and LCs values. The cubic crystals with their single crystal lattice parameter a are a special group of materials, whose LCs can be analyzed in terms of the properties of the constituting chemical elements. Recently, several papers [ 8 , 9 , 10 , 11 , 12 ] dealing with the empirical modeling of the LCs for the cubic perovskite crystals were published. The linear relations between the value of a and several other variables (ionic radii, number of valence electrons, and electronegativity) in various combinations were proposed and successfully tested. In a similar way, the LCs of a group of the A 2 XY 6 cubic crystals (A=K, Cs, Rb, Tl;
X=tetravalent cation, Y=F, Cl, Br, I) [ 13 ] and cubic pyrochlores [ 14 ] were modeled with achieving good agreement between the predicted and experimental LCs values. A recent analysis of the pyrochlore structural data [ 15 ] allowed to introduce a new empirical tolerance factor for the representatives of this group of compounds. So, modeling of the crystal lattice constants and structures has never stopped and still appears to be an interesting and attractive problem with fundamental and applied importance.
In the present work we consider a group of crystals with the spinel structure. This is a very large family of compounds. They are not only wide-spread in nature occurring as pure (or mixed) minerals all over the globe; the spinels are also significant in many branches of technology and science. Many spinels are typical semiconductors with rather narrow band gap (this is true especially for spinels containing the halogen atoms as anions), whereas the oxygen-based spinels have considerably wider band gaps and thus are typical dielectrics, which can be easily doped with rare earth and transition metal The spinels compounds are known for a long time already, and much effort was applied to clarify and understand their structural properties [ 23 , 24 , 25 , 26 , 27 , 28 etc]. The "classical" spinels are ternary compounds that are described by a chemical formula AM 2 X 4 , where A and M are the metals occupying the tetra-and octahedrally cordinated positions, respectively, and X stands for the anion, which can be any of these elements: oxygen, sulfur, selenium, tellurium, nitrogen. There exists certain "internal degree of freedom" in distributions of the cations through the tetraand octahedral positions; one can distinguish between the so called "normal" A(M 2 )X 4 and "inverse" M(AM)X 4 distributions, where the ions in the parenthesis are located at the octahedral sites [ 29 ] .
Intermediate distributions can also occur, covering the whole range between the normal and inverse spinels; they can be generally described as A 1-λ M λ (A λ M 2-λ )X 4 with λ representing the degree of inversion (λ=0 for the normal spinels and λ=1 for the inverse ones). The anion fractional coordinate u in the spinel structure was shown to depend strongly on the cation inversion parameter [ 30 ] .
It has been demonstrated that the octahedral and tetrahedral bond lengths (i.e. the interionic dustances separations in the A-X and M-X pairs, respectively) in the spinel structure can be used predict the lattice constant a and the anionic parameter u [24] .
Several works also have been published that stress out existing correlations between various physical properties of spinels and ionic radii of the constituting ions. Thus, a relation between the magnetic and ionic properties of spinels with the ionic radii of cations and anions was discussed in Ref. [ 31 ] . Systematic of some spinel compounds based on the ionic radii of the constituting ions and geometrical factors of the spinel's crystal lattice structure was suggested in Refs. [24, 32 , 33 ].
In the present work we propose a new semi-empirical approach, which allowed us to model and describe the lattice parameters of ternary and binary spinels. The model treats the ionic radii and electronegativities of the constituting ions as the main factors to determine the value of the lattice parameter. Inclusion of electronegativities into our model extends and refines previous attempts of modeling spinel crystal lattices [23, 24, 25, 26, 27, 28, 32, 33 etc] .
The reason for addition of electronegativity is due to the fact that the ionic radii alone can not explain why some compounds, although built up from the ions with equal ionic radii, have, nevertheless, different LCs. One example of this kind is the pair of the Cs 2 GeF 6 and Cs 2 MnF 6 crystals: although the ionic radii of Ge 4+ and Mn 4+ (the only different ions in these compounds) are equal, their LCs are slightly different [13] .
Inclusion of the electronegativity as one of those parameters, which determine the bonding properties, can help in handling this issue and refine further those models, based entirely on the geometrical considerations and ionic radii, when the ions in a crystal lattice are treated as incompressible hard spheres.
The model developed and described in the present paper was tested by considering a group consisting of 185 binary and ternary stoichiometric AM 2 X 4 spinel compounds, which can be divided into four sub-groups depending on the anion X. These sub-groups are conditionally referred to in the present paper as the oxides (X=O, 83 compounds), sulfides (X=S, 56 compounds), selenides/tellurides (25 selenides and 3 tellurides, X=Se, Te, 28 compounds in total), and nitrides (X=N, 18 compounds). All the nitride spinels included into the present model were reported only theoretically, using the ab initio 6 calculation techniques for optimizing their crystal structure, and, as such, they stand apart from other considered compounds.
The main aim of the performed analysis was to find simple empirical rules for a proper description of lattice paramters of already existing spinels and predict the LCs of those new materials, experimentally not found yet, which can be, in principle, and from some additional publications, explicitly cited in the Table. All compounds in Table 1 are sorted as follows: oxides, sulfides, selenides, tellurides, nitrides. In each of these groups the alphabetical ordering was used to list all entries.
Results and discussion
As it can be found from this table, the oxide spinels have the LCs in the range between 8.044 Ǻ (SiNi 2 O 4 ) to 9.26 Ǻ (MoAg 2 O 4 ); those of the sulfide spinels vary from 9.4055 Ǻ (Co 3 S 4 ) to 11.26 Ǻ (CdDy 2 S 4 ), and those of the selenide spinels are in the interval from 10.20 Ǻ (Co 3 Se 4 ) to 11.647 Ǻ (CdDy 2 Se 4 ). Three telluride spinels, whose structural data were found in the ICSD, are AgCr 2 Te 4 , CdDy 2 Te 4 and CuCr 2 Te 4 with the LCs of 11.371, 11.38 and 11.26 Ǻ, correspondingly. A group of the nitride spinles has the LCs in the range from 7.2867 Ǻ (c-SiC 2 N 4 ) to 9.1217 Ǻ (c-Zr 3 N 4 ). So, the total range for the LCs values presented in the table covers a wide interval from 8.044 Ǻ to 11.647 Ǻmore than 3.5 Ǻ. We also emphasize again that the most of the nitride spinels listed in Table 1 were obtained theoretically only, using the ab initio calculations.
In a vast majority of the selected spinels (except for nitrides) the oxidation state of the ion located at the tetrahedral site is "+2", the oxidation state of the octahedrally coordinated ion is "+3", and the oxidation state of the anion is "-2". The exceptions are as follows: i) A=Ge, Si, Sn (oxidation state +4, oxidation state of the second cation +2); ii)
A=Li (oxidation state +1, oxidation state of the second cation +3.5, obtained as a one-toone mixture of the cations in the oxidation states +3 and +4; iii) A=Mo, W (oxidation state +4 or +6, then the second cation has the oxidation state +2 or +1, respectively).
At first, all the LCs from Table 1 were fitted to the linear function of the following variables: two sums of ionic radii (R A + R X ), (R M + R X ) and two differences of
The choice of these variables seems to be quite natural, since both A and M ions are surrounded by the X ions. The sum of ionic radii of two neighboring ions can be taken as an interionic separation. This is, of course, an approximation only, since it is based on a model representing both atoms as rigid incompressible spheres. The difference of electronegativities of two neighboring ions is a characteristic of degree of ioniocity (covalency) of the chemical bond: the greater is such difference, the more ionic the bond is. For pure covalent bonds, like in the diatomic molecules of hydrogen or oxygen, the difference of electronegativities of the atoms forming the chemical bond is obviously zero; in the case of heteropolar bonds such difference is not zero, which indicates certain iconicity of such bonds.
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The performed least square fit resulted in the following linear function, describing the LCs of the chosen crystals:
In this equation the ionic radii ,,
A M X R R R and the calculated LCs a calc are expressed in Ǻ; the electronegativities ,,
A M X    are dimensionless. Therefore, the fitting coefficients before the ionic radii sums (
whereas the coefficients before the electronegativities differences     ,
The correlation between the experimental and calculated by Eq. (1) LCs is shown in Fig. 2 . In addition, the numerical results obtained from Eq. (1) are also given in Table   1 , However, the fact that there was found such a big error (8.79 %) between our model and literature data for the CdDy 2 Te 4 spinel induced us to refine the model and treat separately various groups of spinels, depending on the anion, like oxides, sulfides, selenides together with tellurides, and nitrides, because in Eq. (1) we do not distinguish between these groups of spinels with different anions.
Then new linear fits of the LCs for oxides, sulfides, selenides/tellurides and nitrides were obtained as follows: It can be noticed immediately that the nitrides spinels represent a somewhat special class of compounds, since for them the coefficient at   they were obtained by using Eqs. (3) - (5) . We note here that for the selenides spinels we have used a slightly modified equation, which was obtained by excluding the tellurides compounds (since there are only three of them) from the fit:
The calculated LCs values from Table 2 can be checked if the spinels mentioned there would be synthesized experimentally. 
Stability ranges of ternary spinels
Careful consideration of the properties of the constituting ions in ternary spinels can help in establishing limits for the stable/unstable compounds, thus effectively narrowing down the search space for the new materials. Although various combinations of the characteristics of crystal lattice ions can be constructed, one of those, which eventually turned out to be most useful, is the bond stretching force constant [32] 
where all quantities have been defined above. This quantity, as emphasized by Kugimiya and Steinfink [32] , was extremely efficient for indicating the stability ranges for various AB 2 O 4 structures, including the spinel and olivine phases. Fig. 5 shows dependence of the experimental lattice constant of all spinles from Table 1 if the atomic radii in the AM 2 X 4 ternary spinels are concerned, the    
ratio is expected to be between 0.5 and 1.2, and existence of a stable ternary spinels with ionic radii not satisfying these conditions, seems to be unlikely, at least, at the ambient conditions.
As an intrinsic check for the reliability of our predicted lattice constants of the rare-earth-based oxide, sulfide, and selenide spinels from Table 2 , we included the corresponding data points (shown by the empty symbols to make them easily distinguishable from the rest of the figure) into Fig. 6 . These predicted compounds are all in the above-suggested stability range, since the the above-introduced
/ ratio for all of them is between 0.8-0.95 (oxides) and 0.9-1.0 (sulfides, selenides).
We also present in Fig. 7 another scatter plot, which suggests a certain correlation between the sum of electronegativities An observation can be made that the ratio of the experimental volume of one unit cell to the sum of volumes of ions in such a cell is decreasing when going from oxide spinels to sulfides and further to selenides. In other words, in more covalent spinels, such as sulfides and selenides, the ions are packed more closely, and the fraction of the empty space between the ions is decreasing. The nitride spinels in this sense are more ionic and share more resemblance with the oxygen-based spinels. However, the circumstance that many of the nitrides mentioned in the present paper were obtained only theoretically prevents us from making any further conclusions regarding their stability.
The group of the telluride spinels, which consists only of three members, is also for the sulfide and selenide spinels, respectively. The filling factor is about 1 for three tellurium-based spinels. As a guide to the eyes, we also plotted in Fig. 8 a straight line with a slope equal to 1, which would mean that the experimental volume of a unit cell is equal to the sum of volumes of individual ionssuch a condition is practically never met.
It can be anticipated that the spinel compounds (including those, which are not synthesized yet), whose representing points would appear in Fig. 8 outside of the region bordered by the two dashed straight lines, would be unstable or would require special conditions for synthesis (high pressure, for example).
Conclusions
We propose in the present paper a simple model, which allows for establishing a We believe that the obtained empirical dependence of the lattice constant on the ionic radii and electronegativity difference, expressed by Eqs. (1) -(5) from this paper, will be very helpful for the chemists and materials scientists, since it gives an opportunity to estimate in a very simple and efficient way the lattice constants for new ternary compounds with the spinel structure. We also hope that the results obtained in the present paper can be useful for meaningful guided choice of chemical elemenst for a synthesis of new spinel compounds. 
